This paper presents a case study of integrated 2D forward modeling of seismic and gravity data over the offshore Guyana basin and Demerara Plateau. The aim of this study is to use gravity modeling to address uncertainties in the seismic velocity model and hence produce a more robust depth solution. This is done by modeling horizons for each of the crustal layers resulting in a model that can then be reapplied during the velocity modeling process by use of a velocity/density relationship. The revised model leads to a better constrained final depth conversion of the seismic.
Introduction
Velocity modeling normally requires semblance analysis, allowing for the refinement of seismic data to give maximum reflection amplitudes by stacking traces. Velocities can be picked based on a range of sensible values if some a-priori knowledge of the rock through which the reflection has passed is known. However, this in variably becomes more uncertain with depth. Relationships between velocity and density have long been acknowledged and therefore it is considered that the modeling of density variations with gravity data will enhance the velocity model where uncertainties exist. We apply a direct model to density computed from velocity for a seismic dataset recorded offshore Suriname. Our ultimate goal is to produce a final earth model which satisfies all available geophysical data. 
Seismic and gravity data
The data used in the study is part of a survey from the GuyanaSPAN multi-client project of ION GeoVentures, involving the acquisition of broadband seismic, gravity and magnetic data to allow a greater understanding of the Demerara Plateau and Guyana basin. Interest in this area has increased following recent discoveries in nearby French Guiana. The project comprises ~5500 km of data, in water depths between 40 and 3500 m. The resulting seismic data has a trace separation of ~12.5 m, and the potential field data resolution of ~22 m along line. The data from an example north-south seismic line of the ION GuyanaSPAN project is presented in Figure 2 , showing the Bouguer gravity anomaly profile, the seismic section with an initial seismic interpretation, and the initial interval velocity model, generated by velocity analysis of the reflection data. 
Forward gravity modeling of the seismic velocity
Using several geophysical datasets can reduce the ambiguity associated with the interpretation of a single dataset. Integration of seismic and gravity data further constrains the multitude of possible subsurface geological models. Several authors have presented the application of automatic algorithms for integrated modeling of seismic and gravity data (e.g., Nielson and Jacobsen, 2000; Lines et al., 1988) . The algorithms use least-squares joint inversion where an initial model is modified in order to fit the observed gravity data. Although two different data sets are used, automatic inversion can lead to unstable results. In this study, we have adopted a different method to directly forward model a SEG-Y interval velocity file, and check the correlation of the calculated gravity response to that of the observed survey data. The following methodology is employed:
1. The seismic velocity SEGY is converted from a time section, to a depth section using the interval velocity. 2. The velocity-by-depth information is converted to a density-by-depth section using the NafeDrake equation (Ludwig et al. 1970) , and the seawater density set to the value used in the Bouguer calculation of the observed data. 3. Each node of this new density model is forward modelled using the method of Talwani et al. (1959) to produce the expected gravity response. 4. The densities around the edges of the model are extrapolated to infinity to avoid unwanted edge effects associated with modeling a finite 2D section. 5. The gravity response due to each node is added together to produce a collective forward gravity response for the entire seismic line. 6. The forward modelled data is compared to the observed data so that any discrepancies can be highlighted and further changes to the velocity model made.
The proposed strategy is applied to the seismic data along the example seismic line. This section has been depth converted and the velocities converted to densities. At this stage the density-depth section can be forward modeled to see how well the original velocity model correlates with the gravity data collected along the same profile. Figure 3 shows a large discrepancy exists along the example seismic line between the forward modeled and observed gravity data, when applied to the initial seismically-derived velocity model. The initial interval velocity data (Figure 2c ) has been derived directly from the seismic data, and therefore confidence is high in areas where strong reflectors can be identified, but low in intra-crustal areas where few valid reflectors are observed. Two methodologies have been applied with the aim of using the gravity data to help constrain the seismic velocity in the areas below the basement horizon.
Conventional layered modeling approach
Conventional 2D gravity modeling is a means of testing geological/seismic models against gravity data. The gravity response of the proposed model is calculated and compared to the observed gravity profile. The model is then interactively adjusted until a satisfactory fit between the synthetic response and the observed gravity profile is obtained. This classical gravity modeling has been carried out using the Geosoft GM-SYS 2D forward modeling package. The seismic horizons and the interval velocity model were used to derive an average value for each layer (Table 1) . These velocities were subsequently converted to densities using the Nafe-Drake relation (Ludwig et al, 1970) . As there is high confidence in the velocity information above the basement, this part of the model is retained. Densities for basement, deeper continental crust and oceanic layers were assumed, based on typical values ( Table 2 ). The crustal layers were iteratively forward modelled to produce a good fit to the observed gravity anomalies. Several modeling iterations were performed in order to test the degree to which any given model would work alongside the structural interpretation for the area. Figure 4 shows the final model showing a continental crust highly stretched in places. This is overlain by a dense package of intruded sediments including SDRs observed in the seismic data. The geologic and velocity models reflect the structural complexity of the area due to the interplay of Central Atlantic, Equatorial Atlantic and Caribbean tectonic events. The final crustal horizons have been converted back to velocities, and used to produce a revised velocity model. The forward modelled gravity response of this revised model is shown to produce a much improved fit to the observed data ( Figure 5 ). Despite the improvements seen in Figure 5 , there are still some discrepancies between the observed gravity data and the forward modelled data. As this mis-match is not identified in the layered modeling (Figure 4) , it is likely to be related to discretizing the 2D velocity model into a layered model, to which a single velocity/density is assigned to each layer. Figure 6 demonstrates an iterative approach based on the direct forward modeling methodology explained above. Velocity information above the basement is retained. Below this horizon a typical crustal velocity is chosen and applied. A new horizon is added to represent the Moho, with upper mantle velocities applied below this. The Moho interface is then iteratively modified and forward modelled until a satisfactory fit to the observed gravity data is achieved. This approach has been applied to the example seismic line (Figure 7 ). As this model retains all the velocity information above the basement, errors from dividing the subsurface into layers are avoided, and an even better fit can be achieved. The final velocity model can then be directly used to depth convert the seismic data in order to attain whether improvements have been achieved. The iterative gravity modeling enables us to estimate deep layer boundaries which are not well defined by seismic data. 
Discussion and Conclusions
We have demonstrated how interactive modeling of gravity and seismic data can help constrain and refine velocity models in areas of uncertainty. This has been applied to data from offshore Suriname, a particularly complex setting due to the interplay of Central Atlantic, Equatorial Atlantic and Caribbean tectonic episodes. 2D forward modeling using a classical layered model approach with appropriate geological consideration has been shown to significantly improve the fit between the starting seismic model and observed data, and hence the revised velocity model. This has been taken further by applying a more direct iterative modeling approach to the velocity data to reduce the smoothing introduced in the layering process. This further enhances the fit and the resulting velocity model leading to a more robust seismic depth model. Integration of complimentary data sets helps to reduce uncertainties and focus the derived model.
